Introduction
Pesticides play an important role for the high productivity achieved in agriculture through the control of pests. However, due to the potential harmful effects of pesticide residues on the environment and human health, the use of pesticides is strictly regulated. Among pesticides, organophosphates (OPs) and carbamate pesticides form an important class of toxic compounds. OPs and carbamates pesticides exert their toxicity by attacking the hydroxyl moiety of serine in the acetylcholinesterase (AChE), thus inhibiting the function of this enzyme, which is essential for the functioning of the central nervous system of humans. 1 Hence, the development of fast and sensitive detection methods for pesticide residues becomes more and more important.
In recent years, the most common techniques for detection of pesticides have been gas chromatography (GC), high-performance liquid chromatography, and gas chromatography coupled with mass spectrometry. 2 Although these classical methods provide very good sensitivity and accuracy, these are currently limited to laboratory analysis due to the requirements of sophisticated and expensive equipment, extensive time, highly trained personnel and complicated sample pretreatment, which limit their application for real-time detection.
In this respect, the development of alternative methods that minimize the consumption of reagents or decreases the time needed for analysis procedures is of great interest. 3 Recently, electrochemical biosensor techniques based on the inhibition of AChE activity have drawn considerable attention due to the advantages of simplicity, rapidity, reliability and low cost devices, and have emerged as a promising alternative for the rapid detection of pesticide residues. [4] [5] [6] [7] In order to improve the catalytic efficiency and stability of the enzyme, a variety of modification materials have been employed, such as some nano materials and polymer films. [8] [9] [10] [11] [12] [13] [14] Among these modified materials, many biosensors based on carbon nanotubes have been reported. [15] [16] [17] [18] To the best of our knowledge, [19] [20] [21] [22] [23] carbon nanosphere (CNS) used for biosensors have rarely been reported. The special three-dimensional structure and biocompatible properties of CNS results in high enzyme loading. It has excellent hydrophilicity and surface reactivity, and thus has good prospects for application as electrochemical biosensors. 24 The aim of this work was to explore the application of CNS in acetylcholine biosensor preparations, and employ it for the determination of pesticide residues. Two pesticides were analyzed with this biosensor that expressed low detection limits, high sensitivity and good stability.
Experimental

Reagents and apparatus
AChE (500 U/mg from electric eel), acetylthiocholine chloride (ATChCl), 2-pyridine aldoxime methio-dide (2-PAM) and carbofuran were purchased from Sigma. CNSs were prepared by the glucose through the hydrothermal synthesis method. Instrument Co., China). All experiments were performed with a conventional three-electrode system, a modified glassy carbon electrode (GCE) as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum wire as the auxiliary electrode. CNS was characterized by a scanning electron microscope (JSM-7001F). GC measurements were carried out with an Agilent 7890A (Agilent Technologies Inc, USA).
Preparation of the biosensor
AChE solution (250 U/mL) and CNS solution (1 mg/mL) were prepared by dissolving them in distilled water. The GCE was polished carefully with 0.3 and 0.05 mm Al2O3 paste and washed through sonication with hydrochloric acid, ethanol, and distilled water for 2 min each. A defined amount of aqueous AChE/CNS mixture was dropped on the surface of the GCE. The GCE was then kept at 4 C for 24 h, leading to an adherent CNS film in which AChE was entrapped. The prepared electrode was placed in saturated glutaraldehyde vapor at room temperature for 15 min in order to induce the chemical cross-linking of the entrapped enzyme molecules. The enzyme electrode was built and stored at 4 C until use.
Electrochemical assays and detection of pesticides
The electrochemical performance of the biosensor was tested in 0.1 M phosphate buffer (PBS, pH 7.5) containing 0.9 mM ATChCl. The substrate ATChCl was enzymatically hydrolyzed to thiocholine, which was then subjected to electrocatalytic oxidative dimerisation. This response, due to the oxidation of the thiocholine at the working electrode, was correlated to the activity of AChE. For assaying of pesticides, the electrode was incubated in an aqueous solution containing the appropriate concentration of carbofuran and fenitrothion for 12 min. Then it was transferred into another electrochemical cell containing 0.9 mM ATChCl solution for electrochemical measurements. [26] [27] [28] The inhibition ratio (IR) of pesticides was calculated as follows:
Here I0 was the peak current of ATChCl on AChE/CNS/GCE, I1 the peak current of ATChCl on AChE/CNS/GCE with pesticides inhibition. After exposure to pesticides, the AChE/CNS/GCE was reactivated with 5.0 mM 2-PAM for 10 min, then transferred to an electrochemical cell containing 0.9 mM ATChCl to study the electrochemical response. The reactivation efficiency R(%) was estimated as follows:
Here Ir was the peak current of ATChCl on AChE/CNS/GCE with 2-PAM reactivation. 29 
Preparation and determination of real samples
The cabbage, lettuce and oilseed rape were obtained from a local market. The samples were washed three times with distilled water and then 0.5 g of each chopped sample was set aside. The samples were sprayed with different concentrations of carbofuran and fenitrothion. After 24 h of storage at 4 C, each sample was mixed with 1 mL mixed solution of acetone/PBS (1/9, v/v), which was obtained through 15 min of ultrasonic treatment. After the suspensions were centrifuged (10 min, 4000 rpm), the acquired supernatants were detected directly without extraction or preconcentration.
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Results and Discussion
Characterization of CNS
The general morphology of CNS was examined by SEM imaging. The image in Fig. 1 shows the typical morphology of CNS film with a uniform sphere size of about 100 nm. The aggregation state of CNS particles induced a structuring effect of the CNS matrix on the electrode surface, thus providing a network of submicron dimensions.
Electrochemical characterization of the biosensors
The electrochemical properties of the biosensors were also investigated using electrochemical impedance spectroscopy (EIS). The electron-transfer resistance (Rct) represents the electron transfer kinetics of the redox probe at the electrode interface. Figure 2 shows the Nyquist plots of the bare GCE, CNS/GCE, and AChE/CNS/GCE. The Rct values for bare GCE, CNS/GCE and AChE/CNS/GCE were obtained as 595, 1943, and 12563 Ω, respectively. The sheet resistivity was used to represent resistance characteristics of various electrodes. It was calculated with formula ρ = Rct/S. In the formula, ρ stands for sheet resistivity; S is the area of modified electrodes. The area S was calculated according to the formula S = πr 2 , where r = 0.15 cm and S = 7.07 × 10 -2 cm 2 . The sheet resistivity for bare GCE, CNS/GCE and AChE/CNS/GCE were 8.42 × 10 3 , 2.75 × 10 4 and 1.78 × 10 5 Ω·cm -2 , respectively. An obvious increase in the resistance was observed when AChE was embedded to the CNS film. The increase in ρ was caused by the hindrance of the protein layer to the electron transfer.
Optimization of experimental parameters
In the optimization studies of the biosensor, some of the experimental parameters were investigated to obtain the best experimental working conditions. The effect of the AChE concentration was evaluated from 50 to 400 U/mL. The best analytic signal was attained at 250 U/mL (Fig. 3A) . Between 50 and 250 U/mL, the response current of the AChE sensor increased as the concentration of AChE increased. When the concentration exceeded 250 U/mL, the substrate diffusion on the surface of the electrode would become blocked because of the high concentration, and then affect the response current of the AChE sensor. The ratio between AChE and CNS was also explored. The best result was obtained at a ratio of 2:1, and was thus selected as the optimal ratio for AChE and CNS. The thickness of the enzyme membrane was associated with the volume of AChE and CNS dropped on the electrode surface, so a range of 5 to 25 μL was studied. The results showed that 15 μL mixed solution of AChE and CNS on the electrode produced the best response (Fig. 3B) . Between 5 and 15 μL, the response current of the AChE sensor increased as the membrane-thickness increased. When the volume exceeded 15 μL, electron transfer on the surface of the electrode would be blocked because of the thick membrane, and further resulted in a decrease of the current response. To determine the influence of the pH of the electrolyte solution on the biosensor response, a range of 5.5 -9.0 was studied. The optimal signal was obtained with 0.1 M PBS at pH 7.5 (Fig. 3C) . The inhibition time was another experimental parameter that influenced the results. If the inhibition time is insufficient, the AChE activity is not fully inhibited and the pesticide residues at very low concentrations may not be detected. In contrast, a long exposure time to the pesticide solution may dramatically damage the structure and properties of the enzyme. The effect of inhibition time was investigated with carbofuran. Figure 3D shows that the optimal inhibition time for carbofuran was 12 min. Consequently, the above parameters were used in further studies.
Amperometric response to ATChCl
The concentration of ATChCl was optimized by studying the amperometric i-t curve of AChE/CNS/GCE in the cell solution containing ATChCl substrate under optimum conditions. found to be 2.5%, revealing good reproducibility accuracy of the biosensor. Storage stability was determined by performing successive determinations of ATChCl 0.9 mM every two days on the same biosensor. The response current of the sensor decreased to 98% after five days. After storage for 20 days, the sensor retained 80% of its initial responses, indicating good stability of the AChE biosensor. After reactivating with 5.0 mM 2-PAM, the biosensor could resume higher than 96% of its original activity of AChE and could retain 85.39% of its initial response after five days. After reactivating with the 2-PAM treatment seven times, the biosensor retained 55.19% of its initial response. The proposed biosensor showed acceptable reproducibility in repeated use.
Inhibition of pesticides
The current-time responses were measured before and after the samples were subjected to different concentrations of pesticides (Fig. 5) . The responses were associated with the inhibition of AChE activity based on the amount of pesticides added. The decrease in redox peak current happened for the reason that the serine hydroxyl groups of AChE interact directly with pesticides and form covalently bound, which invariably reduced the overall charge of the catalytic active site. The relative percentages of inhibition were correlated with the pesticide concentration.
Pesticides determination
The electrochemical determination of pesticides was performed through the inhibition of AChE. Figure 6A shows the inhibition rates for carbofuran and Fig. 6B The theoretically-determined detection limit for carbofuran and fenitrothion were found to be 0.082 and 2.61 μg/L, respectively. The detection limit (LOD) was calculated with the formula LOD = KDSb/q, where KD = 3, Sb was the standard deviation of a blank sample, and q the slope of the calibration line. 31 In our experiments the standard deviation of a blank sample was 0.0452 for carbofuran and 0.0566 for fenitrothion (n = 6). The slope of the calibration line for carbofuran and fenitrothion were 1.653 and 0.065 μg L -1 respectively. A comparison of the AChE/CNS/GCE biosensor in this study with other reported biosensors is summarized in Table 1 . It can be seen that compared with other methods, the present biosensor was simple, rapid and had a lower determination limit.
Analysis of real samples
The real samples spiked with varying concentrations of cabofuran and fenitrothion were measured to evaluate the practical application of the proposed AChE/CNS/GCE biosensor. As shown in Table 2 , the recoveries were found to be 89.2 -114.31% for carbofuran and 86.28 -103.03% for fenitrothion. The results indicated that the proposed biosensor is acceptably accurate, and can be used for the analysis of real samples. To confirm the reliability of the proposed biosensor, a cross check with the values was obtained by GC ( Table 2 ). The results obtained by GC were consistent with those of the designed biosensor, demonstrating that this technique was reliable and satisfactory for the determination of carbofuran and fenitrothion.
Conclusions
A simple and versatile approach was introduced to fabricate an acetylcholine biosensor based on AChE and CNS for fast and direct detection of pesticide residues. This device was reliable, simple and cost-effective. EIS experiments demonstrated that CNS played an important role. The resulting AChE/CNS/GCE electrode showed good characteristics such as a short response time, low detection limit, good reproducibility, high sensitivity and long-term stability. It is expected that the nano scaled materials will greatly facilitate the development of various types of biosensors with excellent analytical performance. 
